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Abstract

Supplemental O, (hyperoxia; 30-90% O,) is a necessary
intervention for premature infants, but it contributes to
development of neonatal and pediatric asthma, necessitating better
understanding of contributory mechanisms in hyperoxia-induced
changes to airway structure and function. In adults, environmental
stressors promote formation of senescent cells that secrete factors
(senescence-associated secretory phenotype), which can be
inflammatory and have paracrine effects that enhance chronic lung
diseases. Hyperoxia-induced changes in airway structure and
function are mediated in part by effects on airway smooth muscle
(ASM). In the present study, using human fetal ASM cells as a model
of prematurity, we ascertained the effects of clinically relevant
moderate hyperoxia (40% O,) on cellular senescence. Fetal ASM
exposed to 40% O, for 7 days exhibited elevated concentrations of
senescence-associated markers, including (3-galactosidase; cell

cycle checkpoint proteins p16, p21, and p-p53; and the DNA
damage marker p-yH2A.X (phosphorylated y-histone family
member X). The combination of dasatinib and quercetin,
compounds known to eliminate senescent cells (senolytics),
reduced the number of hyperoxia-exposed [3-galactosidase-, p21-,
pl6-, and p-yH2A.X-positive ASM cells. The senescence-
associated secretory phenotype profile of hyperoxia-exposed cells
included both profibrotic and proinflammatory mediators. Naive
ASM exposed to media from hyperoxia-exposed senescent cells
exhibited increased collagen and fibronectin and higher
contractility. Our data show that induction of cellular senescence by
hyperoxia leads to secretion of inflammatory factors and has a
functional effect on naive ASM. Cellular senescence in the airway
may thus contribute to pediatric airway disease in the context of
sequelae of preterm birth.

Keywords: asthma; reactive airway disease; senescence; neonatal

Administration of supplemental O,
(hyperoxia; 30-90% O,) is often a necessary
intervention for premature infants.
However, prolonged exposure to hyperoxia

involving recurrent wheezing and asthma
that start early and can persist into school
age and adulthood (1-6). Such symptoms
involve airway hyperresponsiveness (AHR)

hypercontractility and remodeling (7-9).
Epidemiological studies demonstrate

increased risk of asthma among neonates
born in the early term and moderate-late

preterm period even after the introduction
of steroids and surfactant into clinical

and obstruction, which are mediated
through airway smooth muscle (ASM)

is believed to contribute to development of
neonatal and pediatric airway disease,
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practice (10-12). Conversely, practice
changes have resulted in a new
bronchopulmonary dysplasia involving
hypoalveolarization or pruned pulmonary
vasculature, but this pathology does not
address the bronchial aspects of airway
disease. Instead, recent studies have
highlighted the detrimental effects of
hyperoxia on the bronchial airway with
clinically relevant levels of moderate
hyperoxia (<60% O,) resulting in
enhanced intracellular calcium regulation,
cell proliferation, and extracellular matrix
(ECM) deposition in developing human
ASM (13). In newborn mice, exposure to
40-50% O, increases bronchial wall
diameter and amplifies response to
methacholine challenge (14). Although
these studies support a role for neonatal
hyperoxia exposure in contributing to
airway disease, little is known about why
such early exposures in neonatal life can
continue to impact airway function into
adulthood. Thus, identification of
underlying mechanisms is important
for early intervention during and/or
immediately after exposure to hyperoxia.
In aging and chronic ailments,
including those of the lung, senescent
cells are now recognized as significant
contributors to disease pathophysiology
(15-18). Senescent cells are in G; cell
cycle phase arrest and secrete factors
(senescence-associated secretory phenotype
[SASP]) that promote inflammation and
fibrosis via paracrine effects on adjacent
naive cells (19, 20). Oxidative stress,
inflammation, and drugs used in
cancer therapy are several factors that
can induce cellular senescence (19).
Several markers, including increased
expression of B-galactosidase, activation of
the p53-p21/p16 survival pathways, and
phosphorylation of YH2A.X (y-histone
family member X), can be used to identify
senescent cells (21). Studies in the lung
suggest that secretion of SASP factors
by senescent cells is a key mechanism
promoting chronic lung diseases such
as chronic obstructive pulmonary disease
and pulmonary fibrosis (17, 22-24).
Senolytics are a novel class of agents
that selectively eliminate senescent
cells (18, 25, 26). Among these is the
combination of dasatinib and quercetin
(D+Q), which has recently been shown
to reduce bleomycin-induced airway
fibroblast senescence and improve lung
function in mice (20). This study highlights

the potential role for senescent cells in
promoting lung disease.

There is currently limited data about
hyperoxia and senescence in the context of
the developing lung. In neonatal mice, greater
than 60% O, has been shown to induce
alveolar senescence within the framework
of neonatal chronic lung disease
(bronchopulmonary dysplasia) (27), whereas
in vitro exposure of fibroblasts to 70% O,
also activates senescence pathways (28).
However, the clinical relevance of prolonged
exposure to high levels of O, is less clear.
Infants who receive supplemental oxygen for
a short duration and/or at lower levels
(<60% O,) also remain at increased risk
of developing bronchial airway disease (3),
but they are less likely to develop
bronchopulmonary dysplasia. Whether
moderate levels of O, also activate
senescence pathways in the developing
airway, which are the relevant cells involved,
and what are the effects of SASP in this
regard are all unknown. In the present study,
we examined the effect of clinically relevant
moderate hyperoxia (40% O,) on cellular
senescence in fetal ASM cells to test the
hypothesis that cellular senescence and its
effects on bronchial airways are relevant to
hyperoxia-induced recurrent wheezing and
asthma in preterm infants.

Methods

Detailed descriptions of the methods are
provided in the data supplement.

Cell Culture
Fetal ASM cells were isolated from human
tracheobronchial tissue of 18-22-week
gestation fetuses (exempt per the Mayo
Clinic Institutional Review Board [IRB]
because tissue was deidentified and cells
were used in vitro only). Cells were
characterized to ensure smooth muscle
phenotype and responsiveness to
bronchoconstrictor agonists (13, 29).

Oxygen exposure. Cells were grown
under otherwise standard conditions for
7 days with 21% O, (normoxia) or 40% O,
(hyperoxia). Cell lysates and concentrated
media (21% and 40% O,-conditioned
media [CM]) were collected.

Etoposide exposure. Cells were grown
in normoxia with 10 pM etoposide for
48 hours, and cell lysates and concentrated
media were collected at 7 days.

Human samples. Autopsy paraffin-
embedded airway specimens were obtained
after human subjects research approval was
provided by the Mayo Clinic IRB (15-
007416). A total of 15 cases and 15 control
subjects were sought; however, after
selection, specimens for only 14 cases could
be located. Control subjects were defined as
neonates who died within 24 hours of birth,
regardless of oxygen exposure. Cases were
defined as neonates who died within 2 weeks
of birth with at least 96 hours of oxygen
exposure. No differentiation was made
between term or preterm neonates. For each
patient, a maximum of eight airways per
sample were selected randomly in a blinded
fashion by the individual performing the
image analysis.

qRT-PCR

Standard techniques were used for
measuring mRNA concentrations of cell
cycle and senescence markers (see data
supplement). RT-PCR was performed in
triplicate with normalization to GAPDH,
and fold changes were calculated using the
comparative cycle threshold method.

Western Blot Analysis

Standard techniques were used with
normalization to GAPDH. Results were
reported as fold change from control (29).

Cellular Senescence-associated
B-Galactosidase Activity

Cells were plated at known density and
exposed to normoxia or hyperoxia for

7 days, and senescence-associated
B-galactosidase (SA 3-Gal) was detected by
colorimetric assay (DAPI counterstain),
followed by microscopic image analysis of
25 high-power fields per experiment.

Senolytic Exposure

On Day 5, cells were treated with vehicle
(0.1% DMSO) or combinations of dasatinib
(5 nM-5 nM) and quercetin (7.5 nM-7.5 M)
followed by assay of cellular SA B-Gal
activity.

Traction Force Microscopy

Cellular contractility was measured using
traction force microscopy (30). Briefly,
naive fetal ASM cells were plated on
modified 25 kD coated hydrogel plates
embedded with fluorescent microspheres
and collagen type I that provided a growth
surface (30). Samples were treated with
1% FBS media (vehicle) or CM from cells
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Figure 1. Effect of hyperoxia on senescence in fetal airway smooth muscle (ASM) cells. (A) Forty
percent O, exposure increased cellular senescence—associated B-galactosidase (SA B-Gal) activity
(blue; bright-field microscopy) at 5 days and 7 days of exposure. Scale bar: 100 um. (B) These effects
of hyperoxia were comparable to the senescence induced by etoposide (positive control). Data are
presented as mean = SEM (n = 7 individual fetal ASM samples). P < 0.05. *Significant difference from
control at 5 days. *Significant difference at 7 days. $Significant difference between 5 and 7 days of
exposure. (C) Dasatinib (D) and quercetin (Q) reduced the percentage of B-Gal-positive fetal ASM
cells after exposure to 40% O, compared with vehicle-treated cells (0.1% DMSO). Treatment with
500 nM D and 750 nM Q starting on Day 4 of hyperoxia until Day 7 was particularly effective. Other
combinations did not demonstrate a similar effect. n = 3-5 independent experiments, with analysis of
25 high-power fields (HPF). P < 0.05. *“Significant differences. Veh = vehicle.

exposed to 21% O, or 40% O, for 48 hours
(adjusted for protein from 7-d hyperoxia-
exposed cells), imaged using bright-field
(cells) and fluorescence (beads) microscopy
to assess bead displacement before and after
cell lysis, and analyzed to determine peak
and root mean square tractions (20).

ELISA

Media from cells exposed for 7 days to 21%,
40% O, with and without treatment with
D+Q (500 nM/750 nM) were collected and
concentrated for analysis by customized
ELISA to assess the SASP profile (PAI-1,
IL-1a, IL-1B, IL-6, IL-8, TNF-a, and
transforming growth factor [TGF]-B) (23)
with standard procedures to determine
concentrations.

ECM deposition

Naive fetal ASM cells plated at fixed density
were treated with 1% FBS media (vehicle) or
CM from cells exposed to 21% O,, 40% O,,
or 40% O, with D+Q treatment for 48
hours. Cell number was determined as
previously described (8). The cells were
then lysed, and deposition of collagen type I
and fibronectin was determined using
semiquantitative immunofluorescence
expressed as fold change from normal and
adjusted for cell numbers (31).

Immunofluorescence

ASM cells exposed to 21% O, or 40% O, for
7 days were fixed with 4% paraformaldehyde,
permeabilized, immunostained using
standard procedures (nuclei counterstained
with DAPI), and imaged using laser
confocal microscopy and fluorescence
microscopy (32, 33). Similar procedures
were used to stain human samples.

Statistical Analysis

All experiments involved at least five
individual fetal ASM samples. Data were
analyzed using one-way ANOVA with
Holm-Sidak correction, two-tailed t test,
and Wilcoxon rank-sum or Mann-Whitney
U test. Values are expressed as mean *+
SEM, and P values less than 0.05 were
considered statistically significant.

Results

Hyperoxia Induces Markers of
Senescence in Developing ASM
Increased expression of SA B-Gal is
commonly used to identify senescent cells

Parikh, Britt, Manlove, et al.: Hyperoxia-induced Senescence in Airway Smooth Muscle 53
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Figure 2. Effect of hyperoxia on cell cycle and DNA damage markers. (A) Cell cycle checkpoint mMRNA and (B) protein expression increased after 40% O, for
7 days. p21 and p53 were affected (but not p16). Forty percent O, elevated p-p53 (Ser15; B). Data are presented as mean = SEM (n = 5 fetal ASM samples).
P < 0.05. **Significant differences from control. (C) Confocal microscopy of immunofluorescently stained fetal ASM cells showed increased nuclear
colocalization of p16 and p-yH2A.X after exposure to hyperoxia for 7 days (relative to total DAPI-counterstained cells). n =5 ASM samples with analysis of
10 high-power fields. P < 0.05. **Significant differences from control. (D-F) Fluorescence microscopy of stained human autopsy samples demonstrated
increased triple localization of both p21 and p16 with p-yH2A.X and SMA within airways from neonates exposed to at least 96 hours of oxygen
compared with those who died within 24 hours of birth. *Significant differences between cases (n = 14) and control subjects (0 =15); P < 0.05. Scale bar:
100 pm. p-yH2A.X = phosphorylated v-histone family member X; SMA = smooth muscle actin.
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(21). Exposure to 40% O, significantly
increased the percentage of SA
B-Gal-positive cells after 5 and 7 days of
exposure (Figures 1A and 1B) (P < 0.05).
Because exposure to 40% O, for 7 days
led to a greater percentage of SA
B-Gal-positive cells and pilot experiments
did not show further increases in
percentages of such cells with more
prolonged exposure, all subsequent
experiments were completed using the
7-day time point.

Senolytics Reduce Senescent Cells
Induced by Hyperoxia

We treated cells with D+Q (20) during the
hyperoxia exposure. Fetal ASM was treated
with different dosing combinations of
D+Q upon exposure to 40% O,. Cells
treated with 500 nM dasatinib and 750 nM
quercetin demonstrated significant
decreases in cellular SA B-Gal activity
(Figure 1C) (P < 0.05), but not at other
doses.

Markers of Senescence Induced by
Hyperoxia

Real-time quantitative PCR analysis of cell
cycle checkpoint genes demonstrated
significantly elevated mRNA concentrations
of p53 and p21 (Figure 2A) (P < 0.05);
however, mRNA concentrations of p16
were not altered. Western blot analysis
demonstrated significantly increased
concentrations of cell cycle checkpoint
proteins p21 and p-p53 (Serl5); however,
total p53 concentrations were not increased
(Figure 2B) (P < 0.05).

Increased pl6 expression and
phosphorylation of (p-yH2A X) are
additional established cellular senescence
markers (21). Using immunofluorescence
analysis, we measured p16 and p-yH2A.X
in fetal ASM exposed to 21% or 40% O,
and found p16 and p-yH2A.X colocalized
to the nucleus after hyperoxia (Figure 2C)
(P < 0.05), with a significantly increased
percentage of cells that coexpress pl6 and
p-YH2A X (see Figure E 2A in the data
supplement).

Similar findings were noted in autopsy
specimens of neonates exposed to hyperoxia
for at least 96 hours compared with those
who died within 24 hours of birth. Elevated
concentrations of pl6 and p-yH2A.X
colocalization (Figure 2D) (P < 0.05)
and p21 and p-yH2A.X colocalization
(Figure 2E) (P < 0.05) were noted in the
ASM layer of airways denoted using

Parikh, Britt, Manlove, et al.: Hyperoxia-induced Senescence in Airway Smooth Muscle

ACTA2 triple-positive costaining
(Figure 2F).

SASP Factors Include Inflammatory
Cytokines and ECM Proteins

RT-PCR demonstrated increases in mRNA
expression of several cytokine genes (IL-1a,
IL-1B, IL-6) (P < 0.05) and a trend toward
significance with IL-8 (Figure 3A). Using
multiplex ELISA, protein secretion of
inflammatory cytokines was measured.
Exposure to 40% O, significantly
increased IL-1a, IL-6, and IL-8 protein
concentrations in media (Figures 3B and
3C) (P < 0.05); however, IL-13 (Figure 3B)
and TNF-a (Figure 3C) were unchanged. In
addition, PAI-1, a marker of senescence,
was significantly higher in cells exposed

to 40% O, (Figure 3D) (P < 0.05).

mRNA of ECM-related genes matrix
metalloproteinase 2 (MMP2), MMP12, and
ECM structural protein collagen type I, al
chain (Collal), was noted to be higher
(Figure 4A) (P < 0.05); however, MMP9
and fibronectin mRNA transcripts were
not increased in 40% O,-exposed cells
(Figure 4A).
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Effect of SASP on Naive ASM
Senescent cells can have profound effects
on surrounding cells by secreting
proinflammatory factors (i.e., SASP),
leading to impaired tissue function and
disease (24). To investigate the effect of the
SASP on fetal ASM parameters, we treated
naive ASM with media from cells exposed
to 40% O, for 7 days and assessed
remodeling and contractility. Cells treated
with CM from 21% or 40% O, cells did not
have altered proliferation compared with
those treated with fresh 1% FBS media
(Figure 4B). There was more collagen I
deposition by cells exposed to 40% O, CM
than by those treated with fresh media
(Figure 4C) (P < 0.05). However, cells
treated with 21% O, CM were not different
from those treated with either 40% O, CM
or fresh media in this regard (Figure 4C).
Furthermore, ECM modification was noted
with an increase in fibronectin deposition
in those cultures exposed to 40% O, CM
compared with fresh media or 21% O, CM
(P <0.05) (Figure 4D).

Traction force microscopy was used
to assess the effect of SASP on ASM
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Figure 3. Effect of hyperoxia on senescence-associated secretory phenotype. (A) mRNA transcript
concentrations of inflammatory cytokines (IL-1a, IL-18, and IL-6) were significantly elevated, and
although IL-8 concentrations were not statistically different, there was a trend toward elevation.

(B and C) ELISA of conditioned media from senescent airway smooth muscle cells (adjusted for
protein content) revealed increased concentrations of secreted inflammatory cytokines and (D) the
senescence marker PAI-1. IL-1«, IL-6, and IL-8 were significantly elevated, whereas TNF-« and IL-18
concentrations were not. n =8 airway smooth muscle samples. P < 0.05. *“$Significant differences
from control. PAI-1 = plasminogen activator inhibitor-1.
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Figure 4. Effect of hyperoxia and senescence-associated secretory phenotype on extracellular
matrix (ECM) markers and proliferation. (A) Exposure to 40% O, significantly increased the ECM-
modifying genes matrix metalloproteinase 2 (MMP2) and MMP12 and structural element Colial, but
MMP2 and fibronectin (FN) were not significantly affected. n=5 ASM samples. P < 0.05.
*”$Significant differences from control. (B) Exposure of naive cells to conditioned media from
senescent cells (21% or 40% O, for 7 d) did not increase proliferation. ECM deposition (measured
using semiquantitative immunofluorescence; see MetHobps) was significantly altered, with increased
concentrations of (C) collagen type | and (D) FN after 48 hours of exposure to conditioned media
from senescent cells from the 40%/7-day group. n=17 airway smooth muscle samples. P < 0.05.

“#Significant differences.

contractility (20). In contrast to cells
exposed to fresh media or 21% O, CM,
ASM treated with 40% O, CM
demonstrated greater baseline contractile
forces as expressed by the peak and root
mean square traction (P < 0.05) (Figure 5).

Effect of D+Q Treatment on Reversal
of Senescence Markers, ECM, and
SASP Profile

Dose-response studies using SA 3-Gal
staining as an endpoint demonstrated
trends toward reduction with doses of
quercetin of greater than 500 nM (Figure
E1B) and several doses of dasatinib (Figure
E1A). The combination of Q+D was noted
to be synergistic, with a dose-response
curve demonstrating significant decrease in
SA B-Gal staining at a combination dose of
750 nM quercetin with 500 nM dasatinib
(Figure 6A) (P < 0.05). Cell counts were
not affected significantly by use of either

medication or in combination (Figures
E1C-E1E). Treatment with D+Q did
reduce other molecular markers, including
p21 and p-yH2A.X colocalization

(Figure 6B) (P < 0.05) and p16 and
p-YH2A.X colocalization (Figure 6C)

(P < 0.001).

The SASP profile did trend toward
reduction in inflammatory mediators IL-6
(Figure 6D), IL-8, TNF-a, PAI-1, and
TGF-B (Figures E2B-E2E). In addition,
trends toward increased secretion of
TGF-B, TNF-q, IL-8, and PAI-1 were
noted when treated with etoposide;
however, D+Q treatment did not appear to
have an effect on reducing secretion of
these proinflammatory and profibrotic
mediators. Last, exposure to CM from
D+Q-treated cells, compared with vehicle,
resulted in reduced collagen I deposition
(Figure 6E) (P < 0.01) with no change in
fibronectin concentrations.

Discussion

Neonatal hyperoxia exposure has significant
effects on airway structure and function in
preterm infants that unfortunately persist
several years after the initial exposure (2-6).
The mechanisms responsible for airway
dysfunction and thickening in preterm
infants that lead to subsequent recurrent
wheezing and asthma remain incompletely
understood. Although hyperoxia can be
expected to induce oxidant stress and thus
activate a number of pathways relating to
inflammation (13), hypercontractility (9),
and fibrosis (8), antioxidants per se have
not been shown to be effective (34).
Furthermore, the extent of hyperoxia
exposure (O, concentration and/or
duration) clearly colors the picture of
which cell types are affected and what
structure/function changes occur, with the
understanding that high levels of O,
promote bronchopulmonary dysplasia

(14, 34). Yet, wheezing and asthma
continue to occur even with moderate
hyperoxia exposure, underlining the fact
that oxidant stress per se is an incomplete
explanation. In this regard, senescent cells,
which have recently been identified as
significant contributors to chronic disease
in aging (17-19), may have a role in
facilitating the pathogenesis of airway
disease (20, 27, 35, 36). Oxidative stress via
environmental particles or cigarette smoke
exposure has been shown to induce cellular
senescence in multiple cell types in the lung
(37, 38). Similar findings have also been
suggested in the context of high levels of O,
in newborn mice, albeit within the alveolar
compartment (27). To investigate this
concept in the context of neonatal
bronchial airway disease that persists even
with moderate hyperoxia (3), we exposed
human fetal ASM, a cell type that models
the developing bronchial airway, to 40% O,
(vs. 21% Oy; normoxia) for 7 days. Our
results indicate that moderate hyperoxia
induces senescence in human fetal ASM,
as evidenced by expression of several
senescence markers and enhanced
concentrations of SASP factors. We also
found that senescent cells influence the
function of naive ASM, as indicated by
increased ECM deposition and contractile
forces in response to CM from ASM
exposed to hyperoxia. Importantly, we
found that senolytic drugs such as D+Q
that can remove senescent cells may

turn out to have alleviating effects on
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Figure 5. Effect of the senescence-associated secretory phenotype on naive fetal ASM cell contractility. Cellular contractility was measured using traction
force microscopy based on bead displacements of ASM exposed to 40% O, conditioned media (CM), 21% O, CM, or fresh 1% FBS media (vehicle) for
48 hours (representative samples shown in A). Scale bar: 100 wm. CM from senescent cells significantly enhanced (B) root mean square and (C) peak
contractility of naive ASM. Peak traction was defined as the highest point of traction per individual cell, and root mean square traction was defined as average
traction over the entire cell surface. n = 5 independent experiments with ASM, with analysis of at least three cells per well. P < 0.05. **Significant differences.

hyperoxia-induced promotion of ECM in
developing ASM.

Senescence in the context of normal
embryonic growth is an essential process
driven by various signaling mechanisms
leading to the orchestration of
developmental events that result in the
normal organ structure necessary for
postnatal function (21). As such, we would
expect to see low levels of senescence in
premature lung tissue because processes
such as airway, alveolar, and pulmonary
vascular development have not completely
matured. Our data do demonstrate a low
level of senescence at baseline, with

Parikh, Britt, Manlove, et al.: Hyperoxia-induced Senescence in Airway Smooth Muscle

significant increases in cells exposed to
hyperoxia. Indeed, the enhanced senescence
in response to moderate hyperoxia should
be interpreted bearing in mind that even
normal room oxygen represents relative
hyperoxia for the premature lung. Thus, if
compensatory pathways are absent,
moderate hyperoxia could result in an
exaggerated (perhaps accelerated)
senescence. What is relevant in our study is
the paracrine effect of senescence inducing
excessive formation of ECM and
contractility, which, if it occurs in vivo (to
be tested in future studies), would promote
an asthmatic phenotype.

Conditioned Media

There are several markers of senescence
that are related to the distinct characteristics
of senescent cells, including lysosomal
biogenesis (SA 3-Gal), cell cycle arrest
(p53-p21, pl6), and DNA damage
(p-yH2AX) (19). Exposure to 40% O,
for 7 days increased cellular SA B-Gal
activity, a histological marker of senescence.
Furthermore, there are several pathways
that lead to cell cycle arrest associated with
senescence, depending on the type of insult
(19, 21). Oxidative stress is known to
induce senescence through p53-p21- or
pl6-mediated cell cycle arrest (19, 20, 27).
Our studies show that expression of p-p53,

57



ORIGINAL RESEARCH

A
w 80 - *
o ;
e o
o 70 -
% u]
o
‘@ 60 A
g t oz °
& 501 £
1 [m]
<ol
® 40 : : : .
0 250 500 750
Quercetin [nM]
D
IL-6
2000 A
1500 - °
c
o o
& 1000 E ° }O
s ]
o o Oé °
(2] 5 (o)
< 500 - e °
(o)
0 T T T T T
or or & ¢ P
o\o Qo\o x 05.2 ®)(
W ov KR P
o\o QO
Y <®

B
w 150+
o
I *
B —_—
+ 100 4
I o0
o
B j—? o
& 50+
I o z
IQ_ a
o
O\ 0 T T T
Vehicle 500nM D 100nM D
750nM Q 250nM Q
40% O,
E
o5, 0O Collagen 1
’ 0 0O Fibronectin o
% 2.0 4 * o
c
S8 25- 2 -
% O
2e10] B %
& 0.5 &
= o]
00 T T T T

Veh DQ Veh

(40% O, + Treatment)
Conditioned Media

DQ

w 150 -
o
I *
o)
©
o 100 4 oo 0o
.
& oo
2 0020 ©000
+D. 008) 00
2 50 Sl ’
% 85903
N o0 °,008°
Q °°°o°°°oo —eoﬁgee—
* 0 e

Figure 6. Treatment with Q and D reverses senescence and associated effects. (A) Treatment with combination quercetin and dasatinib resulted in dose-
dependent reduction in senescence-associated B-galactosidase activity. Immunofluorescence analysis of stained fetal ASM cells showed decreased
nuclear colocalization of (B) p21 and p-yH2A.X and (C) p16 and p-yH2A.X. n = 4 independent experiments with ASM with analysis of at least 10 random
HPF. (D) ELISA analysis of IL-6 secretion demonstrated a trend toward reduction in cells exposed to 40% O,/7 days and no change in those treated with
etoposide to induce senescence. n =4 independent experiments with ASM. (E) Extracellular matrix deposition (measured using semiquantitative
immunofluorescence; see MetHops) was significantly altered, with decreased concentrations of collagen type | but not fibronectin after 48 hours of
exposure to conditioned media from drug-treated senescent cells compared with vehicle. n =5 independent experiments with four replicates per group.

*Significant difference from control.

p21, and pl6 is increased both in our

in vitro model and in autopsy samples (15,
21, 39, 40). We also observed increased
p-YH2A X, a DNA damage marker and
upstream activator of the p53-p21/p16
pathways. Previous studies using much
higher oxygen levels of 95% O, have also
reported increases in p53 and p21, resulting
in cell cycle arrest in lung epithelial cell
lines (41, 42) and bronchial smooth muscle
cells (43). However, the induction of
senescence or the resultant effect of
senescence in naive cells has not been
explored.

An important characteristic of
senescent cells is that they can secrete a
variety of inflammatory and profibrotic
factors that can have detrimental paracrine
effects and promote disease pathogenesis

58

(23, 24, 44, 45). Exposure to 40% O,
increased expression of several
proinflammatory mediators in fetal ASM,
including IL-1a, IL-6, IL-8, and PAI-1.
These inflammatory mediators have
previously been demonstrated to exert both
autocrine and paracrine effects on adult
ASM contractility and remodeling (46),
although their roles in developing airways
have not been systematically explored.
Expression of MMP2, COL1A1, and
fibronectin was also increased by hyperoxia,
which is consistent with our previous
observation of oxygen’s effects on human
fetal ASM (8).

Our results suggest that the SASP
profile in developing ASM appears to be
both inflammatory and fibrotic, which can
adversely affect airway function and

structure. Several inflammatory mediators
that are part of the SASP are highly
expressed during adult airway disease, and
senescent cells have been detected in lungs
from patients with cystic fibrosis, idiopathic
pulmonary fibrosis, and chronic obstructive
pulmonary disease (20, 24, 45). Although
senescent cells are believed to contribute to
the overall inflammatory milieu in the
airway, a causal role for this cell population
has yet to be established. Even less is known
about the presence of senescent cells and
secretion of SASP factors during and after
moderate hyperoxia.

Autocrine and paracrine effects of
inflammatory mediators released by
senescent cells in the airway could impact
airway hypercontractility and remodeling by
affecting surrounding cells. To model the
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Figure 7. Proposed model. In developing ASM, insults such as hyperoxia (as would occur with
premature infants requiring supplemental oxygen to maintain oxygenation) induce cellular
senescence (involving increased markers of DNA damage and cell cycle arrest) with resultant increase
in the secretion of proinflammatory and profibrotic factors (senescence-associated secretory
phenotype [SASP]) that promote contractility and remodeling of the developing airway with
detrimental effects. Removal of senescent cells using senolytic drugs may alleviate the effects of

hyperoxia in the rapidly growing airway.

effects of secretory factors from senescent
cells on surrounding nonsenescent cells, we
applied CM to naive cells and measured
proliferation, ECM deposition, and
contractile forces. Although ASM
proliferation was not altered by 40% O, CM,
collagen I and fibronectin deposition was
increased. CM from cells exposed to 40%
O, also increased baseline peak and root
mean square traction. These results suggest
an increase in baseline contractility;
however, further investigation will be
needed to determine if effects on responses
to a bronchoconstrictor agent such as
acetylcholine are also exaggerated.
Furthermore, it is likely that hyperoxia
effects and senescence involve other cell
types, including epithelial cells and
fibroblasts. Future studies should focus on
the interaction between different airway cell
types in the context of SASP effects, and in

that setting an optimal methodology may
be organoids exposed to insults such as
supplemental oxygen and stretch as occur
in the human neonatal lung in the context
of intensive care.

Given their persistence and contribution
to chronic inflammatory states, senescent
cells have become an appealing cell
population to target therapeutically. In recent
years, several pharmacological strategies to
selectively eliminate senescent cells in aging
and chronic disease have been reported (17,
18). The combined use of D+Q was recently
shown to eliminate senescent cells and
reduce fibrosis in a bleomycin-induced lung
fibrosis mouse model (35). We found that
addition of D+Q to hyperoxia-exposed cells
reduced the number of senescent cells,
suggesting that this strategy may also be
useful for targeting senescent cells in the
developing airway.

There are some limitations of our
work in that the in vitro specimens
were obtained from deidentified abortuses
at 18-22 weeks of gestation. Survival
ex utero even at the latter end of that
gestational period is rare. However,
this does encapsulate the canalicular
period of lung development and a
period of rapid bronchial airway
growth providing an adequate
understanding of airway and ASM
biology that can be extrapolated. In
addition, we did not complete genetic
studies on our specimens, because this
was not within the scope of this study
or our IRB approval. Although there
remains a risk of bias in our data because
of this, the experiments were completed
with a variety of different donor cell
lines (at least 12), thus reducing this
risk in terms of the overall conclusions.

Overall, our data demonstrate that
moderate levels of hyperoxia (30-50% O,),
which is often administered to preterm
infants, enhance cellular senescence with
the factors secreted by such senescent
cells promoting ECM formation and
contractility of naive ASM. The relevance of
these findings lies in understanding how
early hyperoxia has long-standing
influences on the growing lung in the
context of wheezing and asthma observed
in premature infants exposed to hyperoxia
(Figure 7). Given the cell cycle arrest and
metabolic characteristics of senescent cells,
this population may be a contributor to the
long-term effects of neonatal hyperoxia
exposure even after the initial oxidant
insults. Accordingly, developing strategies
to identify enhanced (abnormal) cellular
senescence in oxygen-exposed neonatal
airways and approaches to selectively
eliminate senescent cells are novel avenues
for future research in the field of pediatric
pulmonary medicine.

Author disclosures are available with the text
of this article at www.atsjournals.org.
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